The problem of tunneling effects on existing jointed pipelines is studied using the boundary integral method. Normalized solutions to evaluate the maximum bending moments and rotations are presented. They depend on tunnelinduced ground settlements at pipeline level, relative soil-pipe stiffness, relative pipe-joint stiffness, and the location of the joints in relation to the tunnel centerline. A jointed pipeline generally experiences smaller bending moments than a continuous one owing to the joint rotation. The solutions indicate that there are certain cases where hinged systems result in greater bending moments than continuous ones. However, these cases rarely occur in reality.
Introduction
Construction of a tunnel may cause damage to buried structures, such as pipelines. As a tunnel is excavated, it induces deformation in the soil above. These displacements will cause additional loading on a pipeline positioned above the tunnel, as illustrated in Fig. 1 . The behavior of the pipeline depends on the stiffness of the pipeline sections, the position and behavior of the pipe joints, and the nature of the ground deformations. Solutions to this problem are presented in this note so that potential risk of pipeline damage can be evaluated.
The general problem of tunneling effects on pipelines was covered extensively by the excellent monograph of Attewell et al. (1986) . They provided solutions for continuous and jointed pipelines using a Winkler ground model and ground movements derived using a Gaussian curve. Klar et al. (2005) obtained an exact closed form solution for the Attewell et al. (1986) Winkler problem and provided a more rigorous solution based on a pipeline within an elastic soil continuum, again using a Gaussian settlement curve. They compared these two solutions and found that the continuum one resulted in higher bending moments, hence, the continuum solution may be considered more conservative. Vorster et al. (2005) extended the continuum solution to allow more freedom in defining the shape of the settlement trough by using a modified Gaussian curve. The solutions presented by Vorster et al. (2005) were used to develop a conservative design procedure based on the linear equivalent method for soil stiffness. Their solutions were verified with centrifuge model tests.
The continuum solutions presented by Klar et al. (2005) and Vorster et al. (2005) dealt solely with continuous pipelines and did not address the problem of jointed pipelines. In reality, pipelines are composed of sections that are connected to each other by joints. If the joints are relatively stiff compared to the flexural rigidity of the pipe, the solutions of continuous pipes, mentioned above, may be considered appropriate. However, more often than not, joints are not rigid or lose their rigidity as they deform. Attewell et al. (1986) , using the Winkler model, presented normalized solutions for the problem of hinged pipelines (i.e., zero joint stiffness). In addition, they suggested a complicated iterative procedure to deal with cases where the joints possess stiffness.
This technical note extends the continuum solution to the case of jointed pipelines and provides normalized solutions that allow for simple evaluation of joint rotation and bending moments of a jointed pipeline that is affected by tunnel construction underneath.
Engineering considerations for jointed pipelines
Although the focus in design of pipelines is concentrated on the cross-sectional behavior, attention should also be given to the problem of settlement-induced loading, such as by tunneling. Pipelines are always built using discrete sections, but they may be categorized as continuous or jointed, depending on their joint behavior. For example, high-pressure gas-transmission pipelines may be considered continuous as they are built of steel sections rigidly connected by either welded or flanged joints. Design criteria for these joints include limits on allowable stresses across the joints (BS EN 14161. 2003) . Current wastewater pipelines are commonly built of concrete sections joined by flexible rubber pushon joints. Design criteria for these joints include maximum allowable rotations (BS EN 545. 2002) . Historically, cast iron pipelines with semi-rigid push-on joints sealed with leadyarn were commonly used in the UK during the Victorian time and these pipelines are still extensively used. The rotational stiffness of these joints is nonlinear and can be approximated by a bilinear relationship presented in Fig. 2 . Table 1 summarizes the parameters published by Attewell et al. (1986) for the bilinear model.
When a jointed pipeline is subjected to tunneling-induced settlement, both stresses and joint rotation need to be estimated to ensure pipeline serviceability. Generally, these entail the evaluation of both axial forces and bending moments. If the joint is considered rigid (i.e., the pipeline is continuous) and the design criterion to maintain its structural integrity is allowable tensile stress, one may use only the bending moment solution to obtain a conservative evaluation of tensile stresses for joints located in the sagging area (above the tunnel centerline) where compressive axial forces exist. For joints located in the hogging area (offset from the tunnel centerline) where tensile axial forces exist, the bending moment solution alone is not sufficient to make a conservative evaluation of tensile stresses, and therefore one also needs to consider an axial-force solution (such as that given by Attewell et al. 1986) . Nonetheless, as shown by Vorster (2005) , in many cases the value of tensile stress calculated from the maximum sagging bending moment alone is higher than that calculated using the combination of both maximum hogging bending moment and tensile forces. In which case, the evaluation of tensile stresses based on maximum sagging bending moments is conservative for continuous pipelines (i.e., rigid joints). For flexible joints, tensile stresses may not necessarily have to be considered because these joints generally allow for longitudinal movement and release the axial forces. Moreover, the design criteria for these joints focus on joint rotation. The following sections provide normalized solutions for the bending moments in the pipeline and rotations at the joints.
Formulation
The formulation essentially follows that presented by Klar et al. (2005) with modifications to include the effects of joints. The formulation is based on the following assumptions: (1) the tunnel is not affected by the presence of the pipeline; (2) the pipeline is buried in an elastic homogeneous soil; (3) the soil response to loading, at the level of the pipe, is unaware of the tunnel (this relaxing assumption allows the use of Mindlin's (1936) Green's function for loading in a semi-infinite half space to construct barrel loads that are used in the analysis); and (4) the pipe remains in contact with the soil.
Using these assumptions, Klar et al. (2005) derived the following equation, which can be solved to obtain the pipe behavior:
is the stiffness matrix of the pipeline, {u} is the displacement of the pipe, G i,j is the Green's function that defines the elastic continuum displacement at point i due to a unit loading at point j, and {u CAT } is the additional displacement at the pipeline level caused by the tunneling. By employing assumption (1), {u CAT } becomes the green field displacement (i.e., the soil displacement at the level of the pipe if the pipe did not exist).
In the previous works Vorster et al. 2005) , the stiffness matrix of the pipeline was composed of standard beam elements. In the current work, it is extended to include joint elements, as described in Fig. 3 .
For the bending behavior solution, the global pipeline stiffness matrix, [S] , is composed of the beam element matrix [K B ] and the joint element matrix [K J ], defined as follows (Weaver and Gere 1990) :
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where EI is the bending stiffness of the pipeline sections, L e is the length of the beam elements that constitute the pipeline sections (each pipe section is composed of several beam elements), and k jM and k jS are the joint stiffness for rotation and shear, respectively. Typical k jM values for different 134 Can. Geotech. J. Vol. 45, 2008 joints are presented in Table 1 as 1 and 2 . It should be noted that the above matrices refer to the behavior of the pipe in flexure, ignoring the axial response. If necessary, the axial response can be solved either by extending the stiffness matrices and adding the longitudinal degree of freedom or by solving independently the axial response. For elastic joints considered in this study, these two will result in the same behavior if the vertical soil response to loading is decoupled from the horizontal response (a commonly used assumption in elastic soil-structure interaction). The following section presents normalized solutions for elastic joints, for which the stiffness is constant and equal for all joints, and is independent of the axial behavior.
Normalized solution for jointed pipelines affected by tunnel excavation
In the present work, we consider the case of a pipeline transverse to the tunnel line, which is believed to be the worst case for bending moments and rotations. For this case, the error function (Peck 1969 ) may be considered a good estimate of the vertical green field displacements, S v :
where S max is the maximum settlement at the pipeline level, x is the transverse distance from the tunnel centerline, and i is the distance to the inflection point. Several parameters are used in the normalization of the results: (1) the relative pipe-soil rigidity factor R = EI/E s i 3 r 0 (where EI is the longitudinal bending stiffness of the pipe sections, E s is the Young's modulus of the soil, and r 0 is the radius of the pipe), (2) the joint stiffness ratio T = k jM /(EI/i), and (3) the joint spacing ratio L j /i (where L j is the spacing between the joints). By using the ratio R for normalization, the solution becomes practically independent of the ratio i/r 0 . It should be noted that all normalized solutions given in this paper correspond to a Poisson's ratio of 0.25 and an embedment depth ratio Z/r 0 = 7 (Z is the depth to the pipe axis from the ground surface). Nevertheless, the solutions are not significantly sensitive to these parameters, as shown by Klar et al. (2005) . In the current analysis, k jS is set to a very high value, practically forcing an infinite shear stiffness of the joint, leading to zero relative vertical displacements across the joints.
Two possible symmetric cases are considered: (1) where the tunnel centerline is located beneath a joint (referred to as ''odd configuration'') and (2) where the tunnel centerline is located in between the joints (referred to as ''even configuration''). The terms ''odd'' and ''even'' are derived from the fact that a symmetric pipeline system with respect to the tunnel has either an odd or an even number of joints, respectively, as illustrated in Fig. 4 . Different trends of the pipeline behavior may be seen in Figs. 5-7, which show the normalized bending moment (Mi 2 /EIS max ) and the normalized settlements (S p /S max ) of the pipeline as a function of the joint rigidity for the cases of R = 10 and L j /i = 1.0, 2.0, and 4.0.
As joint stiffness decreases (T decreases), the solutions shift from that of a continuous pipeline to that of a hinged one. This shift results in either an increase or a decrease in bending moments, depending on the joint normalized spacing and configuration. This can be seen by comparing the even configurations in Figs. 5-7. For L j /i = 1 and 2, the shift from continuous to hinged behavior is associated with a reduction in the maximum bending moments, whereas for L j /i = 4 an increase in the maximum bending moment is observed.
The importance of the joint configuration is a function of the normalized spacing: for small normalized spacing (i.e., L j /i = 1), the overall decrease in bending moment is similar for the even and odd configurations; whereas for the larger L j /i of 2 and 4, there is a significant difference in bending moment for the even and odd configurations. The pipeline displacement follows more closely to the green field settlement trough while the normalized joint spacing decreases, approaching more and more a piecewise linear fit.
The design criteria for jointed pipelines that are influenced by nearby tunnel excavation may be related to both rotations at the joints and bending moments along the pipe. A jointed pipeline behaves between the two limit cases of a continuous and a hinged pipeline. For a given jointed pipeline with either odd or even configuration, the maximum bending moment and the maximum joint rotation are a function of the relative rigidities R and T. Figures 8-10 show normalized solutions for the maximum bending moments and the joint rotations along the pipeline as a function of both R and T.
For a given T, the solution is closer to the hinged behavior at small R, but it becomes close to the continuous pipeline behavior at large R. For very small R values in even configuration, the joints are too far away from the tunnel centerline to influence the value of the maximum bending moment (located above the tunnel centerline), and the pipeline bends according to the green field displacements.
As noted earlier and can also be seen in Fig. 10 , a hinged pipeline may result in higher bending moments than a continuous one. This happens in the case of the even configuration when the two innermost joints are located close to the area where a continuous pipeline would experience hogging moments. The critical condition for which the hinged solution may result in higher bending moments than the continuous one is given in Fig. 11 . Figure 11a shows the ratio of maximum bending moment in a hinged system to that in a continuous one as a function of the normalized joint spacing L j /i for varying R values. Figure 11b recognizes the points on Fig. 11a where the hinged system results in a higher bending moment and creates a boundary line relating to joint spacing and soil-pipe relative rigidity; an example is given for the point of R = 3.16. Although a point (L j /i versus R) in Fig. 11b may be located to the right of the critical condition line, it does not mean that the hinged solution will result in higher bending moments than the continuous one, as the innermost joints may be farther away from the hogging position.
It is worth noting that L j /i = 4 is an extreme case because precast sections of pipes are rarely long enough to result in this ratio unless the pipeline is very close to the tunnel in which case the value of i is relatively small. In such a case, there may be significant tunnel-pipeline interactions that do not follow the assumptions used to derive these solutions, and it may be necessary to perform a more rigorous interaction analysis using a finite element method, for example. Nonetheless, this extreme case is included here to demonstrate the full range of potential behavior of pipelines.
Use of normalized graphs (Figs. 8-10)
Although the normalized graphs (Figs. 8-10 ) allow for a wide range of input parameters, they do not cover all possible cases. That is, the tunnel centerline does not necessarily have to lie symmetrically between joints (i.e., the even and odd configuration). In addition, if the joints exceed the small rotation region (see Fig. 2 ), each one will have a different stiffness, but the given normalized solutions assume equal stiffness values for all joints. However, since the exact locations of the joints are rarely known, the worst case scenarios need to be considered and these are captured by the solutions of the odd and even geometrical configurations provided within the normalized graphs above. Additionally, engineers should be cautious when applying the presented solutions to problems giving normalized parameters outside the ranges, as shown here.
To obtain an estimation of the maximum bending moment and rotation values for a general jointed pipeline system, one may use the normalized solution in the following manner.
For a given L j /i and R, if a hinged (zero stiffness joint) system results in smaller bending moments than a continuous one (left side of line in Fig. 11b) , the small rotation stiffness may be used to evaluate the maximum bending moment. To evaluate the maximum rotation value, one may use an iterative procedure, where a linear equivalent rotational stiffness is applied to all joints based on the maximum value of rotation in the previous iteration. If the joints do not exceed the small rotation region, no iteration is required and the solution of the bending moment and rotation may be considered correct. If the joint rotation exceeds the small rotation region, this iterative procedure is considered to provide a conservative estimation of the correct values.
In the rare geometrical configuration where a hinged system may result in greater bending moments than a continuous system (right of the line in Fig. 11b ), bending moments shall also be evaluated based on the hinged system solutions, although the difference between the hinged and continuous solutions will be marginal.
Summary and conclusions
This study addresses the problem of soil-pipe interaction due to tunneling by extending the previous published continuum solution to include joints within the pipeline. The results are given in normalized graphs, as a function of the Gaussian settlement trough parameters S max and i, the joint spacing L j /i, the relative pipe-soil stiffness R = EI/E s r 0 i 3 , and the relative joint-pipe stiffness T = k jM /(EI/i).
When a tunnel excavation induces ground settlements to pipelines that lie above, a jointed pipeline experiences a smaller maximum bending moment than a continuous one. However, there are certain cases where hinged systems result in a greater bending moment than continuous ones and these cases, even though rare, are classified within this note.
The given solutions assume linear elasticity of the soil. In reality, soils rarely behave this way, and therefore the solutions must be considered with judgement. The value of soil stiffness should be selected with care considering the stiffness degradation due to tunnel-induced ground settlement. Moreover, the solutions are based on additional input parameters involved in the description of the soil settlement trough in a green field (S max , i). The effect of these parameters on the bending moment and joint rotation is even greater than that of the soil stiffness. It is therefore recommended that a parametric study, covering the possible range of input parameters, be undertaken in any engineering use of the solutions presented in this paper.
